Introduction {#sec1}
============

Osteoporosis is becoming a major health burden that mainly occurs in the aging population, especially in postmenopausal women [@bib1]. Osteoporosis is characterized by the imbalance in bone formation and resorption. Excessive bone resorption leads to low bone mineral density (BMD) and the deterioration of bone microarchitecture, which results in a loss of bone strength and an increase in fracture risks [@bib2]. According to the World Health Organization, osteoporosis is defined as BMD with \> 2.5 standard deviations below the young adult average BMD, calculated as a T-score of −2.5 [@bib3], [@bib4]. Lifetime risk of osteoporotic fracture at age 50 years is estimated to range from 13--22% in men and 40--53% in women in western countries [@bib2]. In Hong Kong, the incident rates (per 100,000 population) of hip fracture at age \>65 years are 342 and 703 for men and women, respectively [@bib5], while the prevalence of radiographic vertebral fracture (mean age 72 years) are 15% and 17% for men and women, respectively [@bib6]. The prevalence of osteoporosis and osteoporotic fracture has generated huge social and economic impact.

Drug therapy is an effective way to prevent osteoporosis. Bisphosphonates are a class of antiresorptive drugs that inhibit bone resorption and have been widely used to treat osteoporosis. Bisphosphonates have a high binding affinity to bone minerals and induce osteoclasts apoptosis during bone resorption [@bib7]. Denosumab is another antiresorptive drug, a humanized monoclonal antibody that inhibits the binding of receptor activator of nuclear factor κB ligand (RANKL) to its receptor, leading to inhibition of osteoclast development, formation and survival [@bib8]. Although antiresorptive drugs are effective against osteoporosis, their adverse effects include atypical long bone fractures after long-term treatment and an increase in the risk of jaw osteonecrosis at higher doses [@bib9], [@bib10], [@bib11]. In fracture healing, bisphosphonate treatment does not impair fracture union in healthy rats [@bib12], [@bib13], but the callus remodelling is delayed in ovariectomised (OVX) rats [@bib14], suggesting that the role of bisphosphonates in improving fracture healing remains controversial [@bib15], [@bib16]. Furthermore, antiresorptive drugs, such as bisphosphonates and denosumab, are unable to rebuild bone that has been lost, so there is a need for an anabolic drug to promote bone building. Teriparatide \[recombinant human parathyroid hormone (1--34), rhPTH1-34\] was the first Food and Drug Administration (FDA) approved anabolic drug against osteoporosis [@bib17]. Teriparatide exerts its anabolic activity through increased osteoblasts number and activity, increasing the osteogenic differentiation of mesenchymal stem cells (MSCs), and decreasing osteoblasts apoptosis [@bib18], [@bib19], [@bib20]. However, teriparatide delivery is inconvenient as it requires daily subcutaneous injections, when compared with bisphosphonates, which are taken orally. In addition, due to the potential risk of osteosarcoma, the use of teriparatide is limited to a maximum treatment of 2 years [@bib21], [@bib22]. In light of these achievements, developing new drugs for treating osteoporosis continues to be a necessity.

The recent discoveries and advances in the molecular pathophysiology of osteoporosis have led to the development of new therapeutic drugs for osteoporosis treatment, such as the sclerostin monoclonal antibody as a new anabolic drug for osteoporosis [@bib23], [@bib24]. Sclerostin, an inhibitor of the Wnt/β-catenin signalling pathway that regulates bone growth, has become an attractive therapeutic target for treating osteoporosis. In this review, recent findings of sclerostin, and its potential as an effective drug target for treating osteoporosis and osteoporotic fractures, are summarized, together with the findings of preclinical experiments.

Cellular events of bone remodelling and osteoporosis {#sec2}
====================================================

Our skeleton is constantly undergoing bone remodelling in response to mechanical loading, microdamage repair, and mineral homeostasis. The activation of the bone remodelling process is mediated by osteocytes through osteocyte apoptosis, which recruits osteoclasts precursor cells for bone resorption [@bib25]. The osteoclasts precursor cells, originated from the hematopoietic lineage, then differentiate into osteoclasts to resorb the bone matrix [@bib26], [@bib27]. Besides osteocytes, osteoblasts also regulate bone resorption though the expression of the RANKL and osteoprotegerin [@bib28], [@bib29]. The resorption of bone matrix by osteoclasts results in the release of growth factors to recruit osteoblasts for bone formation [@bib30]. Therefore, the bone remodelling process is tightly regulated by the balanced activity of bone formation by osteoblasts and bone resorption by osteoclasts, through extensive crosstalk between the osteocytes, osteoblasts, and osteoclasts. Osteoporosis is caused by the imbalance of the bone formation and bone resorption, with the rate of bone resorption exceeding the rate of bone formation [@bib31]. Peak bone mass is achieved at around age 30 years, and, after that, bone is lost with increasing age [@bib32], [@bib33]. Bone loss is accelerated in postmenopausal women due to the absence of oestrogen, which stimulates osteoblast apoptosis and osteoclast activity, resulting in osteoporosis [@bib34].

Sclerostin and skeletal mass {#sec3}
============================

Sclerosteosis is a rare autosomal recessive gene disorder characterized by its high bone mass phenotype in radiographs and an increased BMD in lumbar spine, hip and forearm [@bib35], [@bib36], [@bib37]. Patients affected by sclerosteosis carry a loss of functional mutation of the sclerostin gene, which is caused by either nonsense mutations near the 5′ region of the sclerostin mRNA transcript or mutations that affect the correct splicing and stability of the transcript [@bib35], [@bib36]. In a similar high bone mass disorder, van Buchem disease, the sclerostin gene is not mutated, but the 52-kb region downstream of the sclersotin gene is deleted [@bib38]. This 52-kb region contains an enhancer element (termed ECR5) for proper sclerostin gene expression, thus result in the loss of sclersotin gene expression in the van Buchem disease [@bib39]. Sclerostin is a secreted glycoprotein that is mainly expressed in bone matrix and cartilage matrix and has been reported to suppress the mineralization of osteoblasts in cell culture environment [@bib36], [@bib40]. The function of sclerostin as an inhibitor of bone formation has been further demonstrated in transgenic mice. Sclerostin knock out (SOST-KO) mice displays a high bone mass with increased bone formation and bone strength [@bib41], [@bib42], whereas overexpression of sclerostin in mice results in low bone mass with decreased bone formation and bone strength [@bib40], [@bib43]. Sclerostin inhibits bone formation through inhibiting the Wnt/β-catenin signalling [@bib44], and its expression is regulated by mechanical unloading and oestrogen deficiency in osteocytes [@bib42], [@bib45], [@bib46], [@bib47], [@bib48]. Wnt/β-catenin signalling is important for osteoblast differentiation and proliferation [@bib49]. Sclerostin has been found to be responsible for both inhibition of the osteoblastogenesis and preosteocyte differentiation of osteoblasts [@bib50], [@bib51]. Sclerostin also stimulates RANKL secretion from osteocytes to induce osteoclastogensis [@bib52], [@bib53], leading to an increase in bone resorption. In addition, osteoclasts induce osteoblasts for bone formation through the Wnt signalling pathway [@bib54], [@bib55]. Inhibitors of the Wnt signalling pathway (such as Dickkopf-related protein 1, DKK1) suppress the osteoclasts-mediated osteoblast bone formation [@bib54]. This suggests that sclerostin may also suppress the osteoclast-mediated osteoblast bone formation. It is also demonstrated that sclerostin is expressed in osteoclasts from aged mice, indicating that sclerostin contributes to the age-related decoupling of bone turnover [@bib56]. Taken together, these data show that sclerostin plays an important role in modulating bone formation and bone turnover, through antagonizing the Wnt/β-catenin signalling pathway in osteoblasts and modulating RANKL level that act on osteoclasts ([Figure 1](#fig1){ref-type="fig"}).Figure 1The molecular mechanisms of sclerostin in modulating bone turnover. Sclerostin is secreted by osteocytes to modulate bone turnover via responding to mechanical unloading or oestrogen deficiency. Sclerostin inhibits bone formation by inhibiting the osteogeneic differentiation of mesenchymal stem cells or osteoprogenitor cells and the proliferation of osteoblasts. Sclerostin also stimulates RANKL secretion from osteocytes, where RANKL is essential for osteoclasts formation and activity. A recent study shows that sclerostin is also expressed in osteoclasts in aged mice [@bib56].

Molecular biology of sclerostin and Wnt/β-catenin signalling pathway {#sec4}
====================================================================

Sclerostin is an antagonist of the Wnt/β-catenin signalling pathway {#sec4.1}
-------------------------------------------------------------------

Sclerostin is a secreted glycoprotein that is mainly expressed by osteocytes [@bib57]. The serum level of sclerostin increases with age, in both men and women [@bib58]. Although serum sclerostin is positively correlated with BMD in postmenopausal women, it is negatively correlated with bone turnover markers. This suggests that the serum sclerostin level is generally reflected by the number of osteocytes where osteocytes number is higher in high BMD individuals [@bib59]. In fact, sclerostin may act as a paracrine rather than endocrine signalling molecule for osteoblasts functions, as its target cells, the osteoblasts, are in close proximity with osteocytes.

The Wnt/β-catenin signalling pathway plays an important role in regulating cell proliferation and differentiation, including osteoblasts and its differentiation from MSCs [@bib55], [@bib60]. The Wnt proteins are secreted glycoproteins that stimulate the signalling pathway through binding to the receptors low-density lipoprotein receptor-related protein 5/6 (LRP5/6) and co-receptor Frizzled. The receptor complex prevents the phosphorylation of β-catenin by inhibiting the glycogen synthase kinase 3 (GSK3) activity involving the protein complex with Disheveled (Dsh), Axin and adenomatous polyposis coli (APC) [@bib61]. This results in cytoplasmic accumulation and subsequent nuclear translocation of β-catenin [@bib60]. Beta-catenin is a transcriptional coactivator that interacts with other transcription factors to mediate downstream gene expression, leading to cell differentiation and proliferation [@bib55] ([Figure 2](#fig2){ref-type="fig"}).Figure 2Sclerostin and the Wnt/β-catenin signalling pathway. (A) Sclerostin is an antagonist of the Wnt/β-catenin signalling pathway. Sclerostin binds to LRP5/6 receptors, replaces the Wnt proteins and disrupts the Wnt-LRP5/6-Frizzled interaction. The GSK3/Axin/APC protein complex is released to the cytosol and phosphorylates the β-catenin. The phosphorylated β-catenin is then degraded by proteasome. In addition, the sclerostin-LRP5/6 interaction leads to internalization into the endosome and subsequent degradation. (B) The Wnt/β-catenin signaling is activated through the interaction of Wnt proteins with the receptor LRP5/6 and co-receptor Frizzled. The receptor complex prevents the phosphorylation of β-catenin by GSK3/Dsh/Axin/APC complex that results in cytosolic accumulation of β-catenin. The β-catenin then translocates to the nucleus and activates transcription of target genes. Injection of Scl-Ab eliminates the inhibitory effects of sclerostin and activates the Wnt/β-catenin signaling. APC = adenomatosis polyposis coli; Dsh = Dishevelled; GSK3 = glycogen synthase kinase-3; LRP5/6 = low-density lipoprotein receptor-related protein 5/6; Scl-Ab = sclerostin monoclonal antibody; SOST = sclerostin.

Wnt signalling is also tightly regulated by several types of secreted antagonists, such as sclerostin and DKK1 [@bib62]. Similar to the role of sclerostin in bone formation in mice, DKK1 also negatively regulates bone formation. Bone-specific DKK1 overexpression in transgenic mice resulted in osteopenia [@bib63]. Deleting both DKK1 alleles was lethal, while deleting a single allele of DKK1 gene increased bone mass [@bib64]. It is further demonstrated that DKK1 expression level is inversely proportional to the bone mass in mice [@bib65]. Sclerostin and DKK1 inhibit the Wnt signalling pathway through binding to LRP5/6, displacing the Wnt proteins, leading to the dissociation of the LRP5/6 and Frizzled receptor complex [@bib66], [@bib67], [@bib68]. This results in phosphorylation of β-catenin and eventually degraded by proteasome ([Figure 2](#fig2){ref-type="fig"}). In addition, DKK1 was also found to mediate the recruitment of Kremen co-receptor to LRP5/6 and induced the endocytosis of LRP5/6, leading to a reduction in LRP5/6 mediated signalling [@bib66], [@bib67]. Recently, sclerostin has been found to mediate the endocytosis of LRP6 upon its binding to LRP6 [@bib68]. The clathrin-dependent endocytosis of sclerostin-LRP6 complex is degraded in a proteasome-dependent manner [@bib68], possibly within the endosome [@bib69].

Mutations in the N-terminal human LRP5 protein that reduce its affinity to sclerostin and result in a high bone mass disorder further demonstrate the importance of sclerostin-LRP5 interaction in regulating bone mass [@bib70], [@bib71]. Meanwhile, β-catenin activity is required for osteoblast differentiation of MSCs. Activation of Wnt signalling pathway in mouse MSCs culture upregulated Runx2 expression [@bib49], while inactivation of β-catenin in MSCs in transgenic mice resulted in the loss of factors required for osteoblast differentiation, such as Runx2 and Osx, and disrupted osteoblast differentiation [@bib72]. It has also been discovered that β-catenin activity in MSCs promotes osteoblastogenesis and inhibits chondrogenesis [@bib72].

Molecular structure of sclerostin and its interaction with LRP5/6 {#sec5}
=================================================================

Structural analysis of sclerostin and LRP5/6 provides more detailed information on how they interact. Sclerostin contains a cystine-knot motif with a flexible loop domain flanked by two fixed-structure finger domains [@bib73]. Later, it is demonstrated that the PNAIG motif presence in the flexible loop domain of sclerostin is responsible for its interaction with the LRP6 receptor [@bib74]. It was also shown that effective sclerostin monoclonal antibody binds to this region to interfere with the sclerostin-LRP interaction [@bib75]. The LRP5/6 is a transmembrane protein. The extracellular domain of LRP5/6 consists of four β-propeller domains separated by four EGF domains, followed by LDLA repeats, transmembrane domains and a cytoplasmic domain [@bib76]. The cytoplasmic domain is involved in recruiting the GSK3/Dsh/Axin/APC complex, whereas the extracellular domain is responsible for Wnt ligand binding and subjected to antagonist inhibition. Structural analysis reveals that the first two propeller domain (E1E2) of LRP6 are necessary for both sclerostin and Wnt ligand binding, suggesting that sclerostin and Wnt1 compete for the same binding site of LRP6 [@bib76]. Conformational changes in the LRP6 propeller domains and/or steric hindrance effects of sclerostin may also be responsible for sclerostin inhibition of other Wnt ligands binding to LRP6 [@bib76].

Regulation of sclerostin expression {#sec6}
===================================

Given that sclerostin is important for regulating bone formation, it is not surprising that the expression of sclerostin is tightly regulated by various factors, including mechanical stimuli, oestrogen deficiency, vitamin D, Prostaglandin E2, parathyroid hormone (PTH), and transforming growth factor (TGF)-β. The expression of sclerostin is upregulated in tibia in a hindlimb unloading model (tail suspension) in mice and downregulated in ulna in loading model in both rat and mice [@bib45]. It is further demonstrated that sclerostin downregulation in osteocytes is required for osteogenesis in mechanical loading condition in transgenic mice [@bib46], and SOST-KO mice are resistant to bone loss due to mechanical unloading [@bib42]. Oestrogen deficiency also stimulates sclerostin expression. Sclerostin expression is upregulated in the femora of OVX mice, which is reversed by β-oestradiol injection [@bib47]. In postmenopausal women, oestrogen treatment significantly reduces the sclerostin level in bone and serum [@bib48]. These data indicate that sclerostin plays an important role in bone loss during oestrogen deficiency in postmenopausal osteoporosis and mechanical unloading conditions in immobilization after osteoporotic fracture.

Vitamin D (1,25-dihydroxyvitamin D3) is an important regulator of calcium homeostatsis. Vitamin D treatments increases serum sclerostin level in healthy [@bib77] or vitamin D deficient/insufficient [@bib78] aged adults, but decreased serum sclerostin level in young women with vitamin D deficiency [@bib79]. The relationship between vitamin D treatment and sclerostin expression has been examined in more detail in a recent study using human osteoblast cell cultures. It was shown that vitamin D stimulates sclerostin gene expression through the vitamin D response element presence in the upstream promoter region of human sclerostin gene [@bib80]. In addition, in SOST-KO mice, the serum vitamin D and phosphorus is increased and renal excretion of calcium is decreased, indicating a positive mineral balance in the deletion of sclerostin [@bib81]. Taken together, these reports suggest that the vitamin D and sclerostin control of calcium homeostasis and bone growth is complex [@bib82].

Prostaglandin E2 is a lipid-derived hormone that is found to be involved in activation of β-catenin signalling in response to mechanical loading [@bib83], [@bib84]. Mechanical loading induces the synthesis and release of prostaglandin E2, upon binding to its receptor, and suppression of sclerostin expression [@bib85], [@bib86]. In a β-catenin reporter transgenic mouse model, it shows rapid response of osteocytes to mechanical loading [@bib84]. As early as 1 hour after *in vivo* loading of ulna, β-catenin expression is upregulated, and pretreatment of inhibitor of prostaglandin E2 synthesis diminishes the β-catenin expression during mechanical loading [@bib84]. In cell culture models, inhibition of prostaglandin E2 synthesis prevents the sclerostin downregulation in response to mechanical stimulation [@bib85], [@bib86].

TGF-β is an important regulator of stem cell differentiation and proliferation. During osteogenic differentiation, TGF-β regulates β-catenin signalling, and can either promote or inhibit osteogenic differentiation depending on environmental clues [@bib87]. TGF-β enhanced sclerostin expression in mature osteoblasts and regulated sclerostin expression through the ECR5 enhancer element on the downstream enhancer region of sclerostin [@bib88].

The expression of sclerostin is regulated at transcriptional level by PTH. Decreased sclerostin expression is observed in PTH-treated mice and transgenic mice overexpressing PTH receptor in osteocytes [@bib89], [@bib90]. Similar results are observed in clinical studies, where the serum sclerostin level is negatively correlated with PTH level, especially for postmenopausal women [@bib91], [@bib92], and PTH administration reduces the serum sclerostin level [@bib93], [@bib94]. These results indicate that the anabolic effects of PTH act through inhibiting the sclerostin expression.

The 52-kb downstream enhancer region of sclerostin gene plays an important role in regulating sclerostin gene expression. This 52-kb region contains an ECR5 enhancer element, and the transcriptional activity of ECR5 is controlled by the myocyte enhancer factor-2c (MEF2C) transcription factor [@bib95]. Mice lacking ECR5 or bone-specific expression of MEF2C display a high bone mass phenotype with low sclerostin expression, indicating the importance of MEF2C and its binding to ECR5 enhancer for controlling sclerostin transcription [@bib95], [@bib96]. Several factors are responsible for regulating the binding of MEF2C to its responsive sequence, including PTH and TGF-β [@bib88], [@bib97]. Histone deacetylases (HDACs) are a class of histone-modifying enzymes that remove the acetyl group from histone proteins and result in stronger histone--DNA interaction and suppress gene expression. In bone, HDAC5 is a negative regulator of sclerostin expression through blocking the binding of MEF2C to the sclerostin enhancer region [@bib98]. Overexpression of HDAC5 in osteocyte cell cultures suppresses sclerostin expression [@bib99], while knockout of HDAC5 in osteocyte cell cultures or transgenic mice results in increased sclerostin expression [@bib98].

Taken together, these data show that the regulation of sclerostin expression is complex and controlled by various factors. Mechanical signals and hormonal signals are major players in regulating sclerostin expression in osteocytes. The binding of MEF2C to its binding sites on the 52-kb downstream enhancer region of sclerostin gene are subjected to the control of various factors, including PTH, TGF-β, and HDAC5, which in turn, is crucial for sclerostin expression. In addition, the roles of MEF2C (and HDAC5) in regulating sclerostin expression in other signalling pathways, such as mechanical signals or oestrogen deficiency remain largely unknown and require future research. However, it is possible that MEF2C is the major player in regulating sclerostin expression, as the 52-kb enhancer region controls sclerostin expression.

Other drug treatments for osteoporosis treatment {#sec7}
================================================

Besides bisphosphonates, Odanacatib and denosumab are two antiresorptive drugs that are recently under clinical trials or have been approved by the FDA to treat postmenopausal osteoporosis. Denosumab was approved by FDA in 2010 [@bib100], and Odanacatib has just finished Phase 3 clinical trials [@bib101].

Denosumab is a fully humanized anti-RANKL antibody that suppresses the development and activity of osteoclasts and results in decreasing bone resorption and increasing BMD [@bib102]. In a Phase 2 clinical study on postmenopausal women, it was reported that denosumab treatment significantly increased the BMD at lumbar spine, total hip, and radius [@bib103]. Denosumab treatment has also been found to be able to reduce the level of serum bone resorption marker and increase the level of serum bone formation marker [@bib103]. Although the reduced BMD at lumbar spine and hip back to baseline level is observed in discontinued denosumab treatment, the BMD increased again when the treatment restarts [@bib103]. In a large-scale Phase 3 clinical study, it was reported that denosumab treatment significantly reduced the fracture risk of postmenopausal women [@bib104].

Odanacatib is a small molecule inhibitor of cathepsin K activities. Cathepsin K is a lysosomal protease that mainly expresses in osteoclasts to degrade collagen I during bone resorption [@bib105]. Odanacatib treatment reduces bone resorption activity of osteoclasts, but has no effect on osteoclast formation and survival, suggesting that these osteoclasts are able to stimulate or maintain osteoblast activity for bone formation [@bib105]. In fact, elevated bone formation rate has been observed in cathepsin K- deficient mice and Odanacatib-treated rabbits [@bib106], [@bib107], indicating both antiresorptive and anabolic effects of Odanacatib treatment. In a Phase 2 clinical trial on postmenopausal osteoporotic women with low bone mass, Odanacatib treatment significantly increased the BMD at the spine and hip in a dose-dependent manner [@bib108]. The serum bone resorption markers significantly decreased in the Odanacatib treatment while the bone formation markers transiently decreased initially, and returned to the baseline level at the end of the 2-year study [@bib108]. In the extended 3-year study, a progressive increase in BMD in spine, femoral neck, and hip were observed in continuous Odanacatib treatment [@bib109], while discontinued Odanacatib treatment resulted in a gradual decline of BMD to the baseline level [@bib109]. The bone resorption markers continued to decline with continuous Odanacatib treatment, while the bone formation markers remained at baseline level [@bib109]. A large-scale Phase 3 clinical trial has been designed to assess the fracture prevention efficacy and safety of Odanacatib in postmenopausal women with osteoporosis [@bib101].

Sclerostin monoclonal antibody for treatment of osteoporosis {#sec8}
============================================================

Scl-Ab treatment in animal models {#sec8.1}
---------------------------------

Inhibiting antagonists of the Wnt signalling pathway provides an attractive strategy for treatment of osteoporosis. Sclerostin monoclonal antibody (Scl-Ab) inhibits the function of sclerostin, thus re-activating the Wnt signalling pathway in osteoblasts has provided an excellent therapeutic approach to enhance bone formation ([Figure 2](#fig2){ref-type="fig"}). As sclerostin is mainly expressed in osteocytes [@bib40], [@bib57], it is expected that Scl-Ab treatment is bone specific with minor side effects.

In normal rodents and nonhuman primates, Scl-Ab treatment has been reported to increase bone formation, bone mass and bone strength in a dose-dependent manner [@bib110], [@bib111]. In a study of animal model of osteoporosis, OVX rats, Scl-Ab treatment also significantly increased bone formation, bone mass, and bone strength of the animals [@bib112]. The increase in bone formation is illustrated by the increase in osteoblasts number and serum bone formation markers, and a decrease in bone resorption as illustrated by decrease in osteoclast number [@bib110], [@bib111], [@bib112]. Similar bone anabolic effects of Scl-Ab treatment have also been observed in male animal models. Scl-Ab treatments in 6-month-old male rats, aged (16-month-old) male rats, and male cynomolgus monkeys have displayed improvement of bone formation, bone mass, and bone strength at spine and femur [@bib113], [@bib114]. The effects of Scl-Ab on vertebral body with different bone marrow composition are studied in more details in aged female rats. Scl-Ab treatment is able to increase bone volume fraction and trabecular thickness in both yellow (fat) marrow rich fifth caudal vertebral body and red marrow rich fourth lumbar vertebral body, indicating that Scl-Ab is effective in increasing bone formation regardless of bone marrow composition [@bib115]. An increase in the mineralization surface, mineral apposition rate and bone formation rate, as well as decrease in the eroded surface, have also been observed in both caudal and lumbar vertebral bodies in a dose dependent manner [@bib115]. Taken together, Scl-Ab treatment increases the serum bone formation markers and decreases the bone resorption markers, which indicates that bone formation and bone resorption are uncoupled in Scl-Ab treatment, thus creating a large therapeutic window for osteoporosis treatment [@bib116].

Besides OVX-induced osteoporosis, the effects of Scl-Ab treatment in other animal models have also been reported. In an animal study of hindlimb unloading, Scl-Ab treatment increases the bone formation, bone mass, and bone strength through increasing bone formation and inhibiting bone resorption [@bib111], [@bib117]. Scl-Ab treatment is also shown to have enhanced fracture healing and bone repair, with increased bone formation, accelerated fracture repair and fracture callus strength in rat studies [@bib118], [@bib119], [@bib120] as well as bilateral fibular osteotomy in cynomolgus monkeys [@bib114].

Clinical trials of Scl-Ab for osteoporosis treatment {#sec9}
====================================================

Supported by the encouraging results in the animal studies, clinical trials were conducted to investigate the effects and efficacy in humans, including those with normal bone mass or low bone mass.

A Phase 1 clinical trial of Scl-Ab has been conducted on postmenopausal women and healthy men with normal bone mass. Scl-Ab is proven to improve significantly the BMD in lumbar spine and hip, which is possibly due to the increased bone formation and decreased bone resorption as in the serum markers [@bib121]. In the next study on postmenopausal women and healthy men with low bone mass (BMD T-score between −2.5 and −1.0), Scl-Ab treatment improved the BMD in a dose-dependent manner with minor adverse effects [@bib23]. Minor adverse effects include headaches, upper respiratory tract infections, arthralgia, back pain, abdominal pain, and pain in the hands and feet; the percentages of participants reporting adverse events are similar in the placebo group and pooled Scl-Ab treatment groups [@bib23]. Scl-Ab treatment-specific adverse effects---injection site reaction and pain---are also reported [@bib23]. Scl-Ab treatment increases the serum bone formation markers and decreases bone resorption markers as early as 1 week after the first injection [@bib23]. Scl-Ab also significantly increases the BMD at lumbar spine and hip as early as 3 months after the first injection [@bib23].

In a Phase 2 clinical trial study, the efficacy of various doses of Scl-Ab is compared with placebo or other osteoporotic drug treatments (alendronate and teriparatide) in postmenopausal women with low BMD (T-score \< −2.0 at the lumbar spine) over a 12-month treatment period [@bib24]. Similar to the Phase 1 clinical study, Scl-Ab was found to have efficiently improved the BMD at the lumbar spine, hip, and femoral neck as early as 3 months after the first injection compared with placebo controls in a dose-dependent manner with minor adverse effects [@bib24]. The adverse effects are similar to those reported in the Phase 1 clinical trial [@bib24]. Additional adverse effects are gastroenteritis, constipation, bronchitis, urinary tract infection, musculoskeletal pain, and fatigue [@bib24]. The percentages of adverse effects are similar in both pooled placebo group and Scl-Ab treatment group [@bib24]. The increased bone formation markers and decreased bone resorption markers are observed as early as 1 week after the first injection [@bib24]. Compared with alendronate and teriparatide, a 210 mg monthly dose of Scl-Ab treatment provides the best improvement in BMD, starting as early as 6 months after the first injection [@bib24]. Currently, Scl-Ab is in Phase 3 clinical trials to evaluate its effects in postmenopausal women with low BMD (T-score \< −2.5).

Given the large improvement of BMD in clinical trials of Scl-Ab treatment in osteoporosis, we can expect the fracture risk to be lowered with Scl-Ab treatment, provided that Scl-Ab treatment improves the bone strength in the preclinical studies. It is thus worth tracing the fracture rates of the patients after Scl-Ab treatment in future studies.

Future perspectives of Scl-Ab in osteoporosis treatment {#sec10}
=======================================================

Long-term safety of Scl-Ab treatment {#sec10.1}
------------------------------------

The effects of long-term Scl-Ab treatment are still under investigation. Currently, there are two studies focusing on the bone formation and bone strength of long-term effects (26 weeks) of Scl-Ab on OVX rats. Long-term Scl-Ab treatment progressively increases the bone mass and bone strength in OVX rats, which is explained by an increase in cortical and trabecular bone formation and reduced osteoclast activity [@bib122]. In addition, Scl-Ab treatment shows a remarkable increase in bone formation rate in early stage (6 weeks) but such increase diminishes at the later stage (26 weeks), which is characterized by a significant increase in serum bone formation markers and decrease in bone resorption markers [@bib122]. However, as Wnt/β-catenin signalling pathway is elevated in osteosarcoma cells [@bib123], the relationship between long-term sclerostin inhibition and the risk of bone cancer shall be investigated with regard to the long-term safety of Scl-Ab administration.

The combined effects of Scl-Ab and other osteoporotic drugs {#sec11}
===========================================================

An animal study has demonstrated that Scl-Ab treatment has similar results in increase of bone formation, bone mass, and bone strength with or without pretreatment of alendronate, a widely used bisphosphonate, in OVX rats [@bib124]. Besides, cotreatment of Scl-Ab and alendronate have similar efficacies in bone formation, bone mass, and bone strength to Scl-Ab alone or alendronate-pretreated OVX rats [@bib124]. These data suggest that Scl-Ab treatment does not affect the previous alendronate treatment.

There is clinical interest in using monoclonal antibody against DKK1 (DKK1-Ab) to treat multiple myeloma, as DKK1 produced by multiple myeloma cells is a key factor responsible for bone loss in multiple myeloma [@bib125]. In a transgenic mouse model, it is clearly shown that the reduced DKK1 expression results in an increase in bone mass [@bib63], [@bib64], [@bib65], thus proposing the use of DKK1-Ab for treating osteoporosis. In OVX animals, DKK1-Ab treatment improves bone formation and bone mass [@bib126]. As both Scl-Ab and DKK1-Ab are targeted to upregulate the Wnt signalling pathway, the combined effects of both antibodies may provide better improvement in bone formation than single treatments.

The potential of drug--drug interaction of Scl-Ab and other osteoporotic drugs have not been fully explored. Future studies may also investigate the effectiveness of combined treatment, especially in patients with severe osteoporosis.

Scl-Ab treatment in male osteoporosis {#sec12}
=====================================

Male osteoporosis is becoming a more important issue as the population ages. Although research related to osteoporosis treatment mainly focuses on women, in fact, about 30% of hip fractures and 20% of vertebral fractures occur in men [@bib127], [@bib128] and the mortality associated with hip fractures in elderly men is significantly higher than that in women [@bib129]. Scl-Ab treatment improves the bone formation, bone mass, and bone strength in aged male rats and male cynomolgus monkeys [@bib113], [@bib114]. Similarly, Scl-Ab has been discovered to display anabolic effects in adult male rats through increasing bone formation and bone mass, especially in trabecular bone, as early as 6 weeks after the first injection ([Figure 3](#fig3){ref-type="fig"}). These data support the use of pharmacological drugs for osteoporosis treatment in men, and currently several clinical trials have been undertaken to investigate the potential use of current osteoporosis drugs in men [@bib130]. A recent study analysed the effects of teriparatide for osteoporosis treatment in men. The changes of BMD and bone turnover makers are directly compared in men and women in the same study [@bib131]. Differences in BMD of the lumbar spine and femoral neck, and the serum P1NP biomarkers are found to be similar between male and female groups [@bib131]. Similar findings are also observed in the clinical trials of Scl-Ab in healthy men with low bone mass [@bib23]. These findings suggest that the osteoporosis drug treatments have similar bone anabolic effects on both men and women. Further studies are required to establish the efficacy in preventing bone fractures and the safety of these treatments.Figure 3Sclerostin monoclonal antibody (Scl-Ab) treatment enhances bone formation in adult male rats. Scl-Ab treatment enhances bone formation in both fractured bone and nonfractured bone in adult male rats as early as 6 weeks after the first injection. In nonfractured bone, Scl-Ab treatment is more effective in enhancing bone formation especially in trabecular bone region as shown by (A) micro-computed tomography (CT) 3D images and (B) micro-CT tomographs at distal femur.(C) Fluorochrome labelling in the trabecular bone at distal femur has also shown that Scl-Ab treatment increases the rate of bone formation. In fractured bone, Scl-Ab treatment promotes fracture healing through enhancing bone formation in fracture callus, as evidenced by a larger callus observed in (D) micro-CT 3D images and (E) radiographic images at femur midshaft.

Sclerostin monoclonal antibody for potential healing enhancement of osteoporotic fracture {#sec13}
=========================================================================================

The effects of Scl-Ab treatment on fracture healing have been investigated in various animal models. Scl-Ab treatment increases bone mass and strength at the fracture site in rats using either a closed femoral fracture model [@bib114] or a femoral osteotomy fracture model [@bib119], [@bib132]. More bony tissue and less cartilage tissue have been observed at the fracture site in the rat femoral osteotomy fracture model [@bib119], [@bib132] and cynomolgus monkey bilateral fibular osteotomy model [@bib114], indicating that Scl-Ab treatment is able to enhance endochondral ossification during fracture healing. Similarly, the bone mass and strength is increased during fracture healing in SOST-KO mice, in both a femoral closed fracture model [@bib133] and a tibial closed fracture model with external fixation [@bib134]. In both models, the endochondral ossification is hastened as evidenced by increased cartilage removal [@bib133], [@bib134]. These studies indicate that downregulation of sclerostin expression enhanced fracture healing through faster endochondral ossification. As the downstream target of sclerostin, the Wnt/β-catenin signalling pathway is well-known to be an important factor to facilitate proper fracture healing [@bib135]. Beta-catenin signalling is activated in the fracture callus throughout the entire period of fracture healing [@bib136], and precise regulation of β-catenin expression in the fracture site is required for fracture healing [@bib136]. Condition knock down of the β-catenin gene expression in the fracture callus impairs fracture healing [@bib136]. The β-catenin level has also been shown to elevate during the femoral bone defect healing in SOST-KO mice [@bib137], as well as open tibial fracture healing in mice treated with DKK1-Ab treatment [@bib138], indicating that the inhibition of sclerostin or DKK1 promotes bone healing though activating the Wnt/β-catenin signalling pathway. Although no investigations have been reported that Scl-Ab treatment will activate the Wnt/β-catenin signalling during fracture healing, results from these two related studies [@bib137], [@bib138] support that Scl-Ab treatment shall also act through the same signalling pathway to promote fracture healing.

Scl-Ab treatment also enhances bone repair in osteoporotic condition. In a tibial drill-hole defect model in OVX rat, Scl-Ab treatment accelerates the intramembranous bone repair in both the trabecular bone and cortical bone of the defect region [@bib120]. This indicates that Scl-Ab treatment also enhances bone formation and bone healing in OVX conditions. In addition, based on our previous study in rat femoral osteotomy healing, Scl-Ab treatment has proven to enhance fracture healing through the hastened endochondral ossification and improved angiogenesis [@bib119] ([Figure 3](#fig3){ref-type="fig"}). Angiogenesis is essential for bone healing, in both normal and osteoporotic fracture healing [@bib139], [@bib140]. Given that Scl-Ab improves fracture healing in a rat long-bone closed fracture model [@bib114], rat femoral osteotomy [@bib119] or cynomolgus monkey bilateral fibular osteotomy model [@bib114]. Scl-Ab is also expected to be able to improve osteoporotic fracture healing. Clinical trials are essential to support the potential routine applications of Scl-Ab for fracture healing enhancement in osteoporotic patients, apart from the known effects of Scl-Ab in the prevention of secondary osteoporosis in this high-risk group.

Concluding remarks {#sec14}
==================

The current understanding of Wnt signalling pathway in regulating bone formation and remodelling provides attractive strategies for developing new treatments for osteoporosis and osteoporotic fracture repair. Sclerostin, as an antagonist of the Wnt signalling pathway, is an effective therapeutic target for osteoporosis treatment but its potential for osteoporotic fracture repair still requires long-term and perspective clinical trial studies for conformation. As sclerostin is mainly expressed in bone cells, treatments that inhibit sclerostin function should have minimal adverse effects. Clinical trial studies have shown that the Scl-Ab treatment has strong bone anabolic effects, and is effective in improvement osteoporosis as compared with treatments using other drugs. Future studies of Scl-Ab on its long-term safety, drug--drug interaction, or synergistic effects and male osteoporosis of Scl-Ab treatment may provide new horizons for the osteoporosis as well as osteoporotic fracture treatment.
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